The experiment was made at flow boiling heat transfer of FC-72 on micro-pin-finned chips with jet impingement. The experimental conditions cover two different liquid subcooling degrees (25, 35 K)
INTRODUCTION
As is well known, with fast increase of signal speed for improving computer performance, electronic circuits become smaller and smaller, and integrated circuit densities become higher and higher, which leads to an increasing power dissipation rate from a unit area and a great increase in the chip temperature. The possible maximum junction temperature is about 85
• C for most chips, and an electronic component operating 10 K beyond this temperature can reduce its reliability by as much as 50% (Nelson et al., 1978) . The traditional air cooling method cannot meet the high heat flux requirement due to low thermal conductivity, so it is necessary to find an effective cooling method to remove the heat dissipation from chips. As an alternative scheme, liquid cooling is a promising way due to the high conductivity of liquid. There are two types of liquid cooling-indirect liquid cooling and direct liquid cooling. When boiling heat transfer with phase change occurs, heat dissipation ability from chips can be increased much more. For enhancing boiling heat transfer on chip surfaces, an effective method is to fabricate microstructures on the chip surfaces to generate so-called treated surfaces that have been found to have great potential in enhancement of boiling heat transfer from electronics, significantly reducing the chip surface temperature and increasing critical heat flux (CHF). Usually, treated surfaces are used for nucleate boiling enhancement by applying some microstructures on the chip surface to make the surface capable of trapping vapor and keeping the nucleation sites active or increasing effective heat transfer area. Until now, many kinds of microstructures have been observed, such as dendritic heat sink (Oktay and Schmeckenbecher, 1972) , laser drilled holes (Hwang and Moran, 1981) , microstructures including fins, studs, grooves, and vapor-trapping cavities (Anderson and Mudawar, 1989) , reentrant cavities (Phadke et al., 1992) , porous surfaces Rainey et al., 2003) , diamond particle (O'Connor et al., 1996) , micro-reentrant cavities (Kubo et al., 1999) , and carbon nanotubes coated on silicon and copper surfaces (Ujereh et al., 2007) . On these surfaces boiling heat transfer can actually be enhanced by increasing nucleate site number and effective boiling heat transfer surface area. Compared with the smooth chip, the boiling curve of the treated surfaces shifts toward a smaller wall superheat, with a lower onset temperature of nucleate boiling and a higher CHF. However, the boiling heat transfer is severely deteriorated at high heat flux region, and the wall temperature at the CHF point is much larger than the upper temperature limit for normal operation of LSI chips, 85
NOMENCLATURE
• C. The reason is that the heater surface is covered with bubbles in the high heat flux region, which prevents the fresh liquid from reaching the heater surface for evaporation.
As described above, a good microstructured surface should have a boiling curve with much smaller wall superheat, steeper slope, and larger CHF. Thus, a new surface treatment has to be developed for application in solving the power dissipation problems. Honda, Wei, and co-workers Wei, 2003, 2004; Honda et al., 2002; Wei and Honda, 2003; Wei et al., 2005) made noticeable progress in nucleate boiling enhancement by use of micro-pin-fins (10-50 µm in thickness and 60-270 µm in height) which were fabricated on silicon surface using the dry etching technique. It is expected that the regular interconnected channels formed by the micro-pin-fins can provide a route for fresh liquid supply even at high heat fluxes. The liquid can be driven by capillary force caused by the bubbles staying on the top of the micro-pin-fins. Figure 1 shows the boiling performance of micro-pin-finned surfaces in the pool boiling case. It can be concluded that the boiling curves are almost vertical even in the high heat flux region, and the wall temperature at the CHF point is less than 85
• C showing a large heat transfer enhancement compared with the smooth surface and the other treated surfaces. In the high heat flux region, although the micro-pin-finned surfaces are covered with large bubbles as microporous surfaces, the capillary force generated by the bubbles drives plenty of fresh liquid into contact with the superheated wall for vaporization through the regular interconnected structures, but also improves the micro-convective heat transfer by the motion of liquid around the micro-pin-fins. These produce high heat transfer efficiency until the capillary force arrives at its maximum value but it cannot overcome the hydraulic resistance of the wet liquid to access everywhere in the micro-pin-fins' interconnected channel with further increase of heat flux; then the liquid near some micro-pin-fins is used up due to a shortage of fresh liquid supply. A vapor patch is formed and
FIG. 1:
Comparison of boiling curve between different treated surfaces . soon extends to the whole surface, which finally leads to the CHF. The capillary force increases with decreasing fin pitch with a penalty that causes the hydraulic resistance of the wet liquid supply to increase. Therefore, there exists an optimum fin pitch for a compromise. A series of experiments conducted to study the size effects of micro-pin-fin have indicated that the fin spacing ranging from 30 to 50 µm and fin height ranging from 60 to 200 µm are preferable alternatives for the design of micro-pin-finned surfaces in the enhancement of nucleate boiling heat transfer. Wei (2002) also compared the pool boiling curves of smooth chip and micro-pin-finned surface at ∆T sub = 0 K. The results indicated that micro-pin-finned surface still showed a sharp increase in q in the nucleate boiling region, but CHF was smaller than that of subcooled boiling. Heat transfer enhancement of micro-pin-finned surface increased with increasing liquid subcooling.
Although pool boiling possesses the attractive attribute of passive fluid circulation without the need of mechanical pumps, less complex and easier sealing, it needs a pool of working fluids and vapor space or submerged condenser, resulting in a large volume occupation. This is not convenient for implementation of the cooling system in a computer. In addition, the capability of pool boiling for removing the heat dissipation from chips is not strong enough. On the other hand, for flow boiling, the flow can be driven by a pump, and the heat can be easily transported to a radiator from the chip, so it is convenient to arrange this cooling system. Mudawar and Maddox (1989) , and Rainey et al. (2001) found that flow velocity had a great positive impact on enhancing boiling heat transfer. Therefore, boiling heat transfer from micro-pin-finned chips in a forced flow loop system was also investigated for further enhancements. The experiments performed by Ma et al. (2009 were to study the combined effects of fluid velocity and subcooling on the flow boiling heat transfer of FC-72 over micro-pin-finned surfaces. Meanwhile, four preferable kinds of micro-pin-finned chips were fabricated. The dimension of the silicon chips was 10 mm × 10 mm × 0.5 mm (length × width × thickness) on which four kinds of micro-pin-fins with the dimensions of 30 × 30 × 60 µm 3 , 50 × 50 × 60 µm 3 , 30 × 30 × 120 µm 3 , 50 × 50 × 120 µm 3 (width × thickness × height, denoted as chips PF30-60, PF50-60, PF30-120, PF50-120) were fabricated with the dry etching technique. The fin pitch is twice the fin thickness. A smooth surface was also tested for comparison. The scanning-electron-micrograph (SEM) images of chips are shown in Figs. 2(a)-2(d). In addition, the details of experimental apparatus and procedure of pool boiling and flow boiling were illustrated in a previous work (Xue et al., 2011) .
The comparison of flow boiling curves for all micro-pin-finned surfaces with ∆T sub = 35 K was made by Wei et al. (2009) . The results showed that the wall superheat was reduced greatly for all micro-pin-finned surfaces and the values of the CHF increased considerably. Usually, the boiling performance increases with an increase in the total surface area of micro-pin-fins. The high boiling heat transfer performance for the micro-pin-finned surfaces is considered to be relevant to the evaporation of superheated liquid within the confined gaps between fins and microconvection caused by thermocapillary force due to the suction of a bubble hovering on the top of the micro-pin-fins. The highest value of CHF is 148 W/cm 2 , about 1.5 times as large as that for the smooth surface, and it was obtained by chips PF30-120 and PF50-120 at ∆T sub = 35 K and V c = 2 m/s. Although the flow boiling can make CHF increase greatly by raising flow velocity, the flow velocity is usually limited to below 2 m/s in practical applications. Besides, at a high heat flux, the heater surface is covered by a large amount of vapor which blocks the access of fresh liquid ) and leads to a boiling crisis. Thus, it is a challenge to further enhance boiling heat transfer by increasing CHF.
Jet impingement, as a local cooling technique, is considered as a very efficient way to enhance heat transfer due to the decrease of boundary layer by high velocity impact. Andrew et al. (2010) found that the critical heat flux (q CHF ) increases as jet velocity (V j ) or/and fluid subcooling (∆T sub ) increases. However, this intensification is affected by crossflow. When crossflow velocity (V c ) is large enough, the flow boiling dominates and thus enhances the heat transfer again. Compared with air impingement, some fluids with low boiling point such as FC-40 (Fabbri et al., 2003) , FC-72 (Fabbri et al., 2006) , liquid nitrogen, water (Ibuki et al., 2009) , etc., can achieve much higher q CHF for electronic components. As is mentioned above, flow boiling combined with jet impingement may be a promising way to improve heat transfer performance at high heat flux. On one hand, we can take advantage of the high heat transfer performance of jet flow; on the other hand, it is expected that the jet can penetrate the coalesced bubbles covering the heater surface at high heat fluxes for fresh liquid supply, and thus further improve CHF. The present study aims at further increasing boiling heat transfer enhancement of FC-72 over micro-pin-finned surfaces by using crossflow-jet combined boiling mode.
EXPERIMENTAL APPARATUS AND PROCEDURE
The test facility used for the crossflow-jet combined boiling heat transfer is shown schematically in Fig. 3 . It is a closed-loop circuit consisting of a tank, a scroll pump, a test section, a jet, two heat exchangers, and two flowmeters. The tank is not full of working fluid FC-72, and there is a valve on the top of the tank to maintain the atmosphere pressure in the system after reaching high subcooling conditions. As shown in Fig. 3 , the fluid is pumped from the tank to the heat exchanger. After reaching the required liquid temperature, one branch goes into the test section and the other one impinges on the test chip. Once heat exchange is finished, the fluid goes back to the tank and begins the next circulation. The pump frequency is adjusted to control the mass flow rate and two valves are regulated to realize different crossflows or jet velocities. When the loop reaches a steady state, a direct current is initiated to heat the test chip. A short-lived delay is imposed before data acquisition to ensure steady-state conditions are initiated. The power input to the test chip is increased in small steps up to the high heat flux region of nucleate boiling. The heat flux q is obtained from the voltage drop of the test chip and the electric current. If the wall temperature increases sharply by more than 20 K in a short time, the data acquisition algorithm assumes the occurrence of CHF condition and the power supply is immediately shut down. The CHF value is computed as the steady-state heat flux value just prior to the shutdown of the power supply. The increment of heat flux near CHF is increased in very small steps by controlling the heating voltage. Usually, the absolute error in the CHF is less than 5 W/cm 2 .
Schematic diagrams of the test section and heater assembly are shown in Fig. 4 . As shown in Fig. 4 (a), the test chip is a P -doped N -type square silicon chip with a side length of 10 mm and a thickness of 0.5 mm, which is located 300 mm away from the inlet and is bonded to a substrate made by Pyrex glass. The Pyrex glass is fixed on the bottom of a 5mmhigh and 30mmwide channel. An O-ring is used to prevent liquid leakage. The crossflow velocity is defined as follows: (1) O-rings, (2) polycarbonate plate, (3) test chip, (4) copper lead wire, (5) lower cover, (6) upper cover, (7) jet.
where V c , M c , and A are crossflow velocity, mass flow rate of crossflow, and cross section area of flow channel (5 mm × 30 mm), respectively. The flow velocity at the heater assembly is only about 3.4% lower than that at other areas due to the protrusion of the chip. In addition, adiabatic adhesive is used on the side surfaces of the heater to guarantee a smooth transition of fluid flow from flow channel to the heater assembly, as shown in Fig. 4(b) . Thus, the effect of the protrusion of the chip on the flow is not great, and can be neglected here. The jet diameter and nozzle-surface distance are 3 and 5 mm, respectively. The jet velocity is defined as follows:
where V j , M j , and A are jet velocity, mass flow rate of jet, and area of nozzle, respectively. The side surfaces of the chip are covered by adhesive as shown in Fig. 4(b) , and thus only the upper surface is effective for heat transfer. Two copper wires (0.25 mm diameter) are soldered on the opposite side surface of the chip for a power supply. Two T-type thermocouples with a diameter of 0.12 mm for local wall temperature, T w , and liquid temperature, T b , are adhered to the bottom surface at the center of the chip and located on a vertical line 25 mm away from the edge of the chip, respectively. A data acquisition unit is connected to a computer which converts the standard signal (current 4-20 mA) from the flowmeter and thermocouples into flow rate and temperature, respectively. Experiments were conducted at an atmospheric pressure with three different crossflow velocities (0.5 m/s, 1.0 m/s, 1.5 m/s), different jet velocities (0-2 m/s) under two different liquids subcooling (25 and 35 K). The coolant of FC-72 is used as the working fluid with a saturation temperature of 56 K. Experimental uncertainties are estimated using the method proposed by Kline and McClintock (1953) . The uncertainties in the chip and bulk liquid temperature measurements by the thermocouples are less than 0.3 K. Wall temperature uncertainty can be attributed to the errors caused by thermocouple calibration by a platinum resistance thermometer (0.03 K), temperature correction for obtaining surface temperature from the measured value at the bottom of the chip (0.2 K), the temperature unsteadiness (0.1 K), and the thermocouple resolution (less than 0.1 K). The uncertainty of the bulk temperature is due to errors caused by thermocouple calibration by a platinum resistance thermometer (0.03 K), the temperature unsteadiness (0.2 K), and the thermocouple resolution (less than 0.1 K). So the uncertainties in wall superheat, ∆T b , are 2.1% for the forced convection and 0.85% for the nucleate boiling region. , O'Connor et al. (1996) , and Rainey and You (2000) gained the same heat flux uncertainties as ours with similar construction for their experiments, and the heat losses in their pool boiling are 15.5% and 5.5% for the forced convection and the nucleate boiling region, respectively. In our experiment, heat flux uncertainty includes the error of electric power supplied to the chip (0.11%), which is calculated from the errors of the current (0.014%) and voltage (0.1%) across the chip and heat loss by substrate heat conduction. The heat loss is estimated by solving three-dimensional conduction problems through the substrate using the commercial software FLUENT with the measured wall temperature as a given condition, which is less than 16% and 6% for the forced convection and the nucleate boiling regions, respectively. It should be mentioned that q includes the heat transferred to the bulk liquid by conduction through the polycarbonate substrate. However, the heat flux is very small in the forced convection region, so the absolute error in the forced convection is not strong (usually less than 8 W/cm 2 ). For the nucleate boiling region, the error absolute is also not large (usually less than 8 W/cm 2 ) with a small heat loss uncertainty, 6%, although the heat flux is large.
RESULTS AND DISCUSSION

Boiling Curves and Effect of Velocities
Figure 5(a) shows the effect of jet and crossflow velocity on boiling heat transfer on a smooth surface at ∆T sub = 35 K. Both cases show boiling heat transfer enhancement compared with the pool boiling case. For a given crossflow velocity, the boiling heat transfer performance improves with increase in jet velocity. The boiling curve with jet velocity of 2.9 m/s at ∆T sub = 21.5 K (Andrew et al., 2002) showed nearly the same enhanced heat transfer performance as the present chip S at V c = 1.5 m/s, V j = 2 m/s, ∆T sub = 35 K. The open star symbol represents the data obtained by Andrew and co-workers, as shown in Fig. 5 .
The ONB (onset of nucleate boiling) points have been marked on the boiling curves by arrows. Minimizing the degree of wall temperature overshoot before ONB is an important issue for electronics cooling. A step change in heat flux is used in our experiment, and a short-lived delay is imposed before initiating data acquisition to ensure steady-state conditions. The duration between the two test points is about 1 min. We have found that the duration of wall temperature overshoot before ONB is quite short, especially in flow boiling and crossflow-jet combined boiling heat transfer. For wall temperature T w in Fig. 5 , it is the mean value of the data during a period of 30 s after heat transfer reached its steady state. Usually, in our pool boiling heat transfer experiment, the degree of wall temperature overshoots before ONB is about 1
• C-2 • C for micro-pin-finned surfaces. In flow boiling and crossflow-jet combined boiling heat transfer, overshoots are quite small and we could not record them precisely.
Figures 5(b) and 5(c) show the effect of jet and crossflow velocity on boiling heat transfer on chips PF30-60 and PF50-60 at ∆T sub = 35 K, respectively. Both cases suggest boiling heat transfer enhancement compared with the pool boiling case. For a given crossflow velocity, the boiling heat transfer performance improves with increase in jet velocity. It is noticed that for the same largest jet velocity of 2 m/s, small crossflow velocity of 0.5 m/s shows slightly better heat transfer performance than that of 1.5 m/s crossflow velocity at low heat fluxes. However, the latter shows a much higher CHF than the former, which means that jet impingement and crossflow impose different effects on heat transfer enhancement for the micro-pin-fins. In the low heat flux region, there are only a few bubbles, and the heat transfer is dominated by the forced convection. Since jet flow usually shows better heat transfer performance than crossflow due to the significant reduction of thermal boundary layer by jet impingement on the heater surface, jet impingement at V c = 0.5 m/s, V j = 2 m/s has a larger heat flux q and smaller wall superheat than that under other conditions for a given surface. For the small crossflow velocity, the jet can penetrate the crossflow and hit on the heater surface directly, while jet flow with large crossflow velocity bends due to the higher crossflow velocity, and thus cannot hit on the heater surface directly to reduce the thermal boundary layer for a great increase in heat transfer. So at low heat fluxes, small crossflow velocity shows better heat transfer performance. However, in the high heat flux region, bubbles tend to be merged and then block the channel. Jet flow with small cross velocity cannot take away the large bubbles due to small total flow rate. Therefore, an early burnout occurs for the case of small crossflow velocity, whereas for large crossflow velocity, jet flow can destroy the bubble layer, and large crossflow velocity can sweep the bubbles in time and further improve the heat transfer in high heat flux. Hence, a large crossflow velocity may provide a better heat transfer performance at high heat fluxes, especially combined with a large jet velocity. Andrew's boiling curve with jet velocity of 2.9 m/s for a smooth surface shows a much lower heat transfer performance than the micro-pin-finned surface, and thus we can see that micro-pin-finned surfaces are very useful for enhancing boiling heat transfer in the jet-crossflow combined boiling mode.
Figures 5(d) and 5(e) show the effect of jet and crossflow velocity on boiling heat transfer over chip PF30-120 and PF50-120 at ∆T sub = 35 K. The two chips exhibit larger surface area enhancement compared with the other two micro-pin-finned chips. The trend of the boiling curves is the same as that of chips PF30-60 and PF50-60, but the heat transfer performance is further enhanced greatly. The maximum CHF can reach more than 160 W/cm 2 . Compared with the cases of chips PF30-60 and PF50-60, we can find that the difference between the two boiling curves is very large and obvious. The large difference at low heat fluxes is due to the total surface area difference. But for the large difference at high heat fluxes, it is mainly caused by the aspect ratio of pinfin height to thickness which is 2.0, 1.2, 4.0 and 2.4, for chips PF30-60, PF50-60, PF30-120 and PF50-120, respectively. The micro-pin-fins with small h/t aspect ratio are easily affected by the outer flow condition on the entire side surfaces, and the slopes of the boiling curves are close to those of the convective heat transfer curves, indicating that convective heat transfer dominates the boiling heat transfer process. For large h/t, the outer flow cannot affect the whole side surfaces due to large fin height, so nucleate boiling heat transfer can play an important role on the fin side surfaces at large heat fluxes, resulting in steeper boiling curves. From the present results, it can be obtained that combination of low cross velocity and high jet velocity may be a more effective and economical method duo to reduction of total flow rate, especially at low heat fluxes.
Effects of Micro-pin-fins
The heat transfer characteristics of micro-pin-fins at V c = 0.5, 1.5 m/s, V j = 0, 2 m/s and ∆T sub = 25 K are shown in Fig. 6 for comparison of the pin-fin size effect. For a given working condition, the micro-pin-finned surfaces perform better heat transfer than the smooth surface, and the heat transfer performance improves in the increasing order of the surface area. This trend of heat transfer enhancement for micro-pin-finned surfaces becomes very clear as the crossflow velocity or jet velocity increases. All micro-pin-finned surfaces have a large heat transfer enhancement compared with the smooth surface due to the increase of surface area, and the surface area enhancement is further increased by changing the fin height. The ratios of micro-pin-finned surface area to smooth surface area are 2.2, 3.0, 3.4 and 5.0 for chips PF50-60, PF30-60, PF50-120 and PF30-120, respectively. For all chips, the maximum q CHF increases in the order of chips S, PF50-60, PF30-60, PF50-120, PF30-120 under crossflow-jet combined boiling heat transfer mode. The increase in the total area is an important reason for enhanced boiling heat transfer over micropin-finned surface, but not the only reason. Jet impingement and flow boiling still have different effects on the heat transfer enhancement for the micro-pin-fins. In the low heat flux region, there are only a few bubbles, and the heat transfer is dominated by the forced convection. With increase in velocity, the larger bubbles are taken away by fresh fluid immediately. If the bubble detachment velocity is large enough, a local low pressure condition will be formed in the regular interconnected channels formed by the micro-pin-fins, and thus large velocity may activate more side surfaces of fins and form more nucleation sites. Jet impingement at V c = 0.5 m/s, V j = 2 m/s has a larger heat flux q and smaller wall superheat than that under other conditions for a given surface. However, in the high heat flux region, bubbles tend to merge and block the channel. Jet flow can destroy the bubble layer but cannot take it away immediately. Large crossflow velocity can sweep the bubbles in time and further improve the heat transfer in high heat flux. So a large crossflow velocity may provide a better heat transfer performance at high heat fluxes. As for larger liquid subcooling ∆T sub = 35 K, the similar bubble behaviors can be observed, but the boiling curves shift to the left with the temperature of the ONB and the critical wall superheat decreases compared with ∆T sub = 25 K. Besides, the CHF increases with subcooling increase.
Influence Factors of Maximum Allowable Heat Flux
As is well known, the critical heat flux plays a very important role not only in boiling heat transfer but also in industrial applications. Further study on influence factors of critical heat flux includes subcooling, surface structure and boiling heat transfer mode in the present experiment. In addition, the upper limit of temperature for a reliable operation of electronic chips is given at 85
• C. Thus the maximum allowable heat flux q max is given by the q CHF if T w,CHF < 85
• C and by q at T w = 85
Usually, for micro-pin-finned surface at high liquid subcooling ∆T sub = 35 K, T w,CHF is always lower than 85
• C, as shown in Fig. 5 . With increase in subcooling, the boiling curves shift to the left. However, at low liquid subcooling ∆T sub = 25 K, T w,CHF is related to crossflow velocity and jet velocity, and is more sensitive to crossflow velocity. At large crossflow velocity and jet velocity condition, T w,CHF may be higher than 85
• C, such as V c = 1.5 m/s, V j = 2 m/s. This is attributed to the possibility that large velocities may decrease the thickness of the boundary layer and supply the fins' gap with cooled liquid, and then delay the burnout. The detailed results of ∆T sub = 25 K were reported by Guo et al. (2011) . Besides, we only choose three types of chips here including chips S, PF30-120 and PF50-120 to research the influence factors of maximum allowable heat flux.
Firstly, to reveal the effect of liquid subcooling on maximum allowable heat flux, the experimental conditions are set to cover two different liquid subcoolings (25, 35 K) . In order to show the enhancement for different surfaces of maximum allowable heat flux, a parameter E 1 named enhancement factor is introduced, and it is defined as
where ∆q is the difference between maximum allowable heat flux at ∆T sub = 25 K and 35 K, and q ∆T sub =25K is the maximum allowable heat flux for all chips at ∆T sub = 25 K. The values of E 1 for different chips are presented in Table 1 . As a result, liquid subcooling has different influences on q max of different sized micro-pin-fins. The values of ∆q/q ∆T sub =25K of both micro-pin-finned chips and smooth chips are in a range from about 5% to 39%. Arithmetic average of the values of ∆q/q ∆T sub =25K of chips S, PF30-120 and PF50-120 are 26%, 10% and 13%, respectively. Due to the lower q max of chip S at ∆T sub = 25 K, the values of E 1 are higher than those of micro-pin-finned chips.
Besides, ∆q of all chips are almost within the same range, which indicates that in our experiment the q max can be increased by at least 10% with liquid subcooling increase by 10 • C. The largest increment is 39% for chip S at V c = 1.5 m/s, V j = 2.0 m/s, ∆T sub = 35 K. The bubble departure size becomes smaller and the departure frequency becomes higher for the larger liquid subcooling. The characteristics of small bubbles make the accumulation and mergence more difficult. The fresh liquid can still go into the heater surface and make the convection heat transfer possible, making the nucleate boiling affected by liquid subcooling.
Secondly, after conducting the experiment of crossflow-jet combined boiling heat transfer on micro-pin-finned chips in FC-72, the results of three kinds of boiling heat transfer modes including pool boiling, flow boiling and crossflow-jet combined boiling heat transfer show that the enhancement degrees for different surface structures are different. The maximum allowable heat fluxes of all kinds of chips are shown in Table 2 . The effect of surface structure on maximum allowable heat flux is studied, and the results are also presented in Table 2 . An enhancement parameter E 2 is defined as follows:
where q max −PF is the maximum allowable heat flux of micro-pin-fins, and q max −S is the maximum allowable heat flux of chip S under the same experiment conditions. The results show that the average increment of q max is 137% for both PF30-120 and PF50-120 at ∆T sub = 25 K compared with smooth chips due to an increase in total heat transfer surface area. However, at ∆T sub = 35 K the average increments are 107% and 114%, respectively, which is a little smaller than that at ∆T sub = 25 K. The reason is that increment of heat flux is almost in the same range at different subcoolings, but the q max of chip S at ∆T sub = 25 K is lower than that at ∆T sub = 35 K. Thirdly, compared with pool boiling heat transfer, flow boiling heat transfer is an enhancement technique, and the enhancement degrees of all chips by flow boiling are shown in Table 3 . An enhancement parameter E 3 is defined as follows: 
where q max −pool is the maximum allowable heat flux of chips in pool boiling, and q max −flow is the maximum allowable heat flux of all chips in flow boiling heat transfer under the same experiment conditions. Consequently, E 3 increases linearly as V c increases. With increase in crossflow velocities, E 3 becomes larger indicating that large crossflow velocity would make much more obvious enhancement compared with pool boiling. The increment percentage of chip S is much larger than that of micro-pin-fins duo to much lower q max of chip S at ∆T sub = 25 K. The largest increment is 245% for chip S at V c = 1.5 m/s, ∆T sub = 35 K It can be found that in high heat flux region, the heater surface is covered by a large amount of vapor which blocks the access of fresh liquid for pool boiling, whereas the q max of micro-pin-finned surfaces is still higher than that of the smooth surface. At the critical state, a much larger bubble will cover the whole heater surface. For micro-pin-finned surface, it is considered to be relevant to the evaporation of superheated liquid within the confined gaps between fins and micro-convection caused by capillary force due to the suction of a bubble hovering on the top of the micro-pin-fins. Compared with pool boiling, flow boiling can enhance the heat transfer by increasing velocity. This is attributed to the fact that fluid flow can increase the flow turbulence and decrease the heat transfer resistance and thus increase the heat transfer flux. For smooth surface, the large bubbles can be destroyed when fluid flow velocity increases to a large value. As a result, single-phase forced convective heat transfer dominates the heat transfer process, and thus q max is much larger than that of pool boiling. Finally, we turn our attention to the crossflow-jet combined boiling heat transfer which displays a considerable enhancement of maximum allowable heat flux and is presented in Table 4 . An enhancement parameter E 4 is defined as follows: 
where q max −pool is the maximum allowable heat flux of chips in pool boiling, and q max −crossflow−jet is the maximum allowable heat flux of all chips in crossflow-jet combined boiling heat transfer under the same experiment conditions. There is, however, an obvious enhancement of q max for crossflow-jet combined boiling. The q max of both smooth surface and micro-pin-finned surface increases as V c or V j increases. The data given in Table 4 also manifest that the largest increment is 308% for chip S at V c = 1.5 m/s, V j = 2.0 m/s, ∆T sub = 35 K. We have observed that the maximum allowable heat fluxes are 77.6 W/cm 2 , 167 W/cm 2 and 161 W/cm 2 for chips S, PF30-120 and PF50-120 at V c = 1.5 m/s, V c = 2.0 m/s, ∆T sub = 35 K, respectively. The q max of chip S is 15.1 W/cm 2 at ∆T sub = 25 K by pool boiling, and the q max of micro-pin-fins by crossflow-jet combined boiling in the experiment is 167 W/cm 2 , which is 11.06 times as large as that for the smooth surface. It is defined that the enhancement parameter E 5 indicates the enhancement degree of q max after a combination of influence factors is made E 5 = q max −∆T sub =35K−crossflow−jet − q max −∆T sub =25K−S−pool q max −∆T sub =25K−S−pool ,
where q max−∆T sub =35K−PF−crossflow−jet is the maximum allowable heat flux of micro-pin-finned chips in crossflowjet combined boiling at ∆T sub = 35 K, and q max −∆T sub =25K−S−pool is the maximum allowable heat flux of chip S in pool boiling heat transfer at ∆T sub = 25 K. Figure 7 presents the enhancement parameter of q max with different influence factors compared with chip S by pool boiling at ∆T sub = 25 K. The enhancement degree increases in the order of liquid subcooling, surface structure, flow boiling and crossflow-jet combined boiling, whereas enhancement parameter E 5 is higher than the sum of values of E 1 , E 2 , E 3 , and E 4 . Thus, influence factors have synergistic effects with a complicated positive interaction with each other, and the mechanism is to be studied in future studies.
CONCLUSIONS
The enhancement in flow boiling heat transfer with jet impingement of FC-72 on micro-pin-finned surface was studied. A smooth surface was tested for comparison. The enhanced pool boiling and flow boiling heat transfer over micropin-finned surfaces were also researched in our previous study. After in-depth analysis of three modes of boiling heat transfer, some conclusions have been drawn as follows:
-Firstly, all chips in crossflow-jet combined boiling mode almost show a better heat transfer performance than pool boiling or boiling in crossflow heat transfer. Besides, all micro-pin-fins show an obvious heat transfer enhancement compared with smooth surface under all three boiling heat transfer modes, which is related to the surface area increase.
FIG. 7:
Enhancement parameter values of q max compared with chip S in pool boiling at ∆T sub = 25 K.
-Secondly, the maximum q CHF increases in the order of pool boiling, flow boiling, and crossflow-jet combined boiling heat transfer. For all chips, the maximum q CHF increases in the order of chips S, PF50-60, PF30-60, PF50-120, PF30-120 under all three boiling heat transfer modes, and q CHF increases with crossflow or jet velocities. For crossflow-jet combined boiling heat transfer, crossflow is better for increasing CHF, while a combination of low cross velocity and high jet velocity is more effective and economical at low heat fluxes.
-Finally, influence factors of maximum allowable heat flux include subcooling, surface structure and boiling modes in the present experiment, the combination of which has a synergistic effect to enhance maximum allowable heat flux greatly. The upper limit of temperature for a reliable operation of electronic chips is given at 85 • C. Thus the maximum allowable heat flux q max is given by the q CHF if T w,CHF < 85 • C and by q at T w = 85
• C, if T w,CHF > 85 • C The largest maximum allowable heat flux of micro-pin-fins by crossflow-jet combined boiling is 167 W/cm 2 for PF30-120 at V c = 1.5 m/s, V j = 2.0 m/s, ∆T sub = 35 K, which is 11.06 times as large as that for the smooth surface in pool boiling at ∆T sub = 25 K.
